ABSTRACT In order to deal with the problem of massive historical multi-station SCADA data storage in distribution management system, this paper proposes a data compression method for power distribution system based on tensor Tucker decomposition. Firstly, to maintain the high-dimensional spatial structure of multi-station SCADA data of distribution management system in the presentation stage, we establish a thirdorder tensor representation model of multi-station SCADA data. Then, a historical SCADA data compression method for distribution management system based on tensor tucker decomposition is proposed. This method can compress the data while maintaining the spatial intrinsic structure of multi-station SCADA data. Finally, the effectiveness of the method is verified using real data. And, the results of comparison with singular value decomposition method and principal component analysis method show that the proposed method is superior to the traditional method.
I. INTRODUCTION
The distribution management system (DMS) of power distribution network continuously receives the status monitoring data from a large number of distribution SCADA systems. These data are accumulated over time, putting a lot of pressure on the computer storage space [1] . Therefore, the scheme of using data compression technology to effectively reduce data volume and improve storage efficiency has attracted attention [2] .
In terms of power system data compression, Ringwelski proposed the method of Huffman coding (HC) to compress the smart meter data, which could compress the data to 25% of the original data volume [3] . In literature [4] , a compression algorithm suitable for the load data transmission requirements of smart electricity meters is introduced, and its performance is better than the traditional encoding transmission scheme. For the compression of power system transient data, most researches focus on how to use the multi-resolution feature of wavelet transform (WT) and its improved algorithm to compress signals [5] , [6] . Yan Changyou et al.
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compressed and decompressed the real-time data of the fault transient process of the power system by using the linear integer transformation wavelet bi-orthogonal filter combination Huffman coding method based on the lifting format, and the data volume after compression was 11% of the original data volume [5] . On this basis, the literature [6] improved the compression accuracy of this method by performing cubic spline re-sampling of the original data. Some researchers, in order to solve the problem of large data volume in the widearea monitoring system(WAMS), an algorithm combining outliers and revolving doors is adopted to compress the real-time data of the wide-area monitoring system, and the data volume after compression is 10% to 20% [7] . In addition, the revolving door compression algorithm based on effective estimation is also used in historical SCADA data compression to reduce the historical data volume of SCADA system and ensure the safe and stable operation of SCADA system [8] , [9] . And, principal component analysis (PCA) method and singular value decomposition (SVD) method show their advantages when compressing traditional SCADA steady-state data [9] , [10] . Souza uses singular value decomposition method to compress steady state data, and its results show that SVD method better than WT method [9] .
In reference [10] , the error of PCA method in compressed steady-state SCADA data is also very small.
However, traditional compression algorithms (HC, WT, SVD, PCA) need to ''hard dimensionality reduction'' in the process of high-dimension data compression. This will destroy the intrinsic structure of high-dimensional data space and cover up the original redundant information and highorder dependence of data [11] - [16] . In practice, the main station data of distribution system is composed of large quantum sub-station data. Therefore, when the traditional data compression algorithm is used to compress the data of multiple sub-stations, the correlation between the data of each sub-station will be destroyed and the compression performance will decline. In order to overcome the damage of traditional 2-D compression to the high-dimensional intrinsic structure of SCADA data, this paper proposes a data compression method based on tensor Tucker decomposition (TD) for the multi-stations SCADA data compression of power distribution system. Firstly, we establish a third-order tensor representation model of multi-station SCADA data. Then, the tensor Tucker decomposition method is used to compress the data while preserving the spatial intrinsic structure of the data. In order to ensure the accuracy of compressed data to meet the application requirements, we establish the compression ratio and three information loss level indicators. The balance between data compression and information loss can be realized by setting compression ratio according to the accuracy requirement of application. Finally, real distribution system data are used to verify that the proposed method can effectively reduce the amount of distribution system data to deal with the problem of data storage. Compared with other two existing methods (PCA, SVD), the results show that the proposed method is superior.
II. TENSOR DECOMPOSITION A. TENSOR OPERATION
Tensors are high-dimensional arrays. The spatial dimensionality of a tensor is often called the order of the tensor. Zero-order tensors are scalars, which are represented by scalar a; first-order tensors are vectors, which are represented by boldface a; second-order matrix tensors are represented by capital A; tensors of order three and above are called higher order tensors and are represented by the cursive capital letter A.
Definition 1: The operation of unfolding a tensor to a matrix is called the i-mode unfolding operation. The i-mode unfolding operation of a N -order tensor A ∈ R I 1 ×I 2 ×···×I P ···×I N is [17] 
The equation for unfolding the tensor element A(
where
According to (2) , the unfolding process will sample all the orders of the tensor in staggered order. This acquisition process realizes the transmission and fusion of various order features of the tensor, thereby preserving the spatial eigenstructure of the data. For example, a third-order tensor is unfolded from three orders, as shown in Fig. 1 . 
According to (3) , if the number of rows J of the matrix U J ×I i is less than the number of columns I i , the dimension of the original tensor of the i-th order will be compressed from I i to J , which is the key operation for realizing data compression. In Fig. 2 , the dimensionality of the second order of the original tensor is reduced from 8 to 2 via the 2-mode product. 
B. TENSOR TUCKER DECOMPOSITION PRINCIPLE
For the tensor A ∈ R I 1 ×I 2 ×I i ×···×I N , according to (1), the tensor A i-mode unfolded matrix from each order
The singular value decomposition of i-mode unfolded matrix
where S i is the singular value matrix and U i and V i are left and right singular value matrices.
According to (3) , the left singular value matrix is multiplied with the original tensor A via tensor mode multiplication and the core tensor G is
According to the operations of multi-linear algebra, the tensor A can be obtained via the tensor mode multiplication of the core tensor G and n left singular value matrices
In (7), an n-order tensor is expressed in the form of the mode product of a core tensor and n left singular value matrices. This form is called the tensor Tucker decomposition (TD).
For example, a third-order tensor A admits a tensor decomposition and its Tucker decomposition result consists of a core tensor G and three left singular value matrices U (1) , U (2) , and U (3) , as shown in Fig. 3 . 
III. MULTI-STATION SCADA DATA COMPRESSION PRINCIPLE BASED ON TENSOR TUCKER DECOMPOSITION A. TENSORT REPRESENTATION MODEL OF POWER DISTRIBUTION SYSTEM MULTI-STATION SCADA DATA
As shown in Fig. 4 , the distribution management system of power distribution system, as the main station of SCADA systems, continuously collects data information from n SCADA sub-stations. It is assumed that each SCADA system collects m measurements, and the collection time of each measurement is t time intervals. The collected SCADA data is transmitted to the main station of SCADA. Thus, the data collected in the main station of SCADA system has three characteristics: time, measurement sub-station and measurement. Therefore, the distribution system multistation data can be represented by a third-order tensor A: (8) where I t , I n and I m respectively represent the time, measurement sub-station and measurement of multi-station SCADA system data.
Compared with the traditional two-dimensional matrix representation method, the third-order tensor representation model can not only represent all the element values of SCADA data, but also retain the interaction among the time of SCADA data, measuring sub-stations and measurement, as shown in Fig. 5 . 
B. TUCKER TENSOR DECOMPOSITION COMPTRSSION OF POWER DISTRIBUTION SYSTEM MULTI-STATION SCADA DATA
The tensor unfolding operation of the power distribution SCADA data tensor A ∈ R I t ×I n ×I m is performed by equation (1), and the corresponding three unfolded matrices are as follows:
where A n , A t and A m are respectively the tensor unfolded matrix of the power distribution system SCADA data after staggered sampling by time, measuring sub-station and measuring.
Compared with the traditional two-dimensional matrix representation method, the advantage of this method is that tensor unfolding can realize the characteristic transfer and fusion of time, measurement sub-station and measurement orders. Therefore, the high-dimensional spatial feature structure of SCADA data is preserved.
The singular value decomposition transformation of the three unfolded matrices of tensor A is as 
where σ I n ,I n , σ I t ,I n , σ I m ,I n denotes the positive singular values of the unfolded matrix, and
The small singular values mainly represent the noise and data interdependence. In practice, small singular values make up a large proportion. Ignoring the small singular values can not only rapidly reduce the dimension of the singular value matrix but also yield a satisfactory data approximation. Therefore, when the singular values satisfy σ k σ k+1 , the singular values after σ s will be truncated. We assume that the unfolded of I n ×I t I m , I t ×I n I m and I m ×I n I t are truncated at P, Q and R respectively, and the approximate singular values are as follows:
where AR (n) , AR (t) , and AR (m) are singular value decomposition approximation matrices of unfolded matrices. U I N According to equation (5), tensor Tucker decomposition and compression of the SCADA data is as
where G is the compressed core tensor.
It can be known from the equation (14) that the core tensor G ∈ R P×Q×R is obtained by mode multiplication of the original tensor and truncated orthogonal basis. Therefore, the order dimensions of the core tensor are reduced from I N , I t and I m to P, Q and R.
According to equation (4), the core tensor and truncated orthogonal basis can be used to reconstruct the SCADA data tensorÂ:Â
Generally speaking, the reconstructed data tensorÂ is an approximate tensor of the original tensor. The schematic diagram of SCADA data tensor compression and reconstruction is shown in Fig. 7 . When storing, we only need to store the core tensor and truncated orthogonal bases after Tucker decomposition. When using the original data, use the stored data to reconstruct the original tensor.
IV. DATA COMPRESSION RATIO AND INFORMATION LOSS A. COMPRESSION RATIO
Data compression ratio(CR) is usually one of the important indexes to represent compression effect. In this paper, the compression ratio of data tensor A is defined as
where num(·) is a function of the number of elements; A is the original tensor; G is the core tensor; and U i is the mode i truncated orthogonal basis.
B. INFORMATION LOSS
Three indicators of information loss level are shown as follows:
1) F-NORM ERROR RATIO
F-norm error ratio(FER) represents the data compression effect from the global loss level, and the reconstruction Fnorm Error Ratio of data tensor A is defined as
where | · | F is a function of the F-norm; A is the original tensor;Â is the approximation tensor.
2) MEAN ABSOLUTE PERCENT ERROR
Mean absolute percent error (MAPE) measures the data compression effect of multi-station SCADA data each measurement from the relative value. And the reconstruction mean absolute percent error of the k-th measurement of data tensor A is defined as
where A is the original tensor;Â is the approximation tensor. I t is the time order. I n is the sub-station order.
3) MEAN ABSOLUTE ERROR
Mean absolute error (MAE) measures the data compression effect of multi-station SCADA data each measurement from the absolute value. And the reconstruction mean absolute error of the k-th measurement of data tensor A is defined as
In the practical application, the constraint conditions of information loss index are firstly set to ensure the accuracy of compressed data. Then, on the premise of ensuring accuracy, the maximum compression ratio is selected to complete the data compression.
V. TEST RESULT
The proposed data compression methodology has been implemented using MATLAB and evaluated on real measurement data from 10 kV distribution systems. The tests have been performed on a PC Intel core i5 processor at 3.20 GHz with 8 GB of RAM. The data description and the obtained results are presented next.
A. DATA DESCRIPTION
The adopted test data set comes from 32 10kV power distribution stations in a region from 0 to 23.55 on March 1, 2018. The sampling frequency of SCADA data is 0.5 Hz. And a total of 3,136 measurements include three-phase current, three-phase voltage, active value, reactive value and power factor.
The measurement of the incoming line is three-phase current; the measurement of the transformer includes threephase voltage and current, active value, reactive power and power factor. The 10kV bus measurement includes threephase voltage, line voltage, zero sequence voltage; The 10kV reactive compensation capacitor measurement includes reactive value and three-phase current value; The measurement of load line includes active value, reactive value, three-phase current and load power factor.
B. COMPARATIVE ANALYSIS
In literature [13] and [14] , their authors show that SVD and PCA methods have good performance in SCADA data compression of the power distribution system. To demonstrate the superiority of the TD compression method, the proposed method is compared with the two data compression methods of SVD and PCA in this section. Fig. 7 - Fig. 9 respectively shows the F-norm Error Ratio (FER), mean absolute percentage error (MAPE) and mean absolute error (MAE) when three methods compressed the test set data.
As can be seen from Fig. 7 , when the compression ratio is less than about 2.5:1, the errors of the three methods are not much different. However, with the compression ratio increases, the errors of the PCA method and the SVD method increase exponentially and proportionally, respectively. The TD method compression error tends to be stable after slowly increasing. For example, when the maximum compression ratio of the PCA method is 25.66:1, the TD method error and the PCA method error are 0.2642 and 0.043, respectively. So, the TD method error is only 1/18 of the PCA method error; similarly, when the maximum compression ratio of SVD is 46.77:1, the TD method error is only 1/5 of the SVD method; in addition, when the compression ratio of the TD method is close to twice the maximum compression ratio of the SVD method(80:1), the error of the TD method is equal to error of the SVD method when the compression ratio is 15:1.Therefore, the TD method not only has a small error when the compression ratio is low, but is also more suitable for the high compression ratio than the other two methods.
It can be seen from Fig. 8 that the error curve of the SVD method is higher than the error curve of the TD method as a whole, indicating that the TD method is superior to the other two methods at the same compression ratio. In addition, SVD and PCA methods have different compression performance for different quantity measurements. For example, the error of SVD method for voltage measurement is smaller than that of the PCA method. However, the error of SVD for current measurement is larger than that of the PCA method. For the TD method, the performance for all measurements increases slowly and remains stable.
It can be seen from Fig. 9 that the curve trend of the mean absolute error is substantially the same as the curve trend of the mean absolute percent error. In addition, for the reactive power measurement, the error of the three methods is very small. However, the TD method is still less than the other two methods.
VI. TIME CONSUMPTION
The tests have been performed on a PC Intel core i5 processor at 3.20 GHz with 8 GB of RAM. For the compression of 32 × 289 × 98 SCADA data, TD method, SVD method and PCA method took about 0.0107s, 0.0496s and 0.3725s respectively. The reconstruction time was 0.0078s, 0.05992s and 0.0586s, respectively. And, with the fast tensor Tucker decomposition calculation methods proposed, the computational time continues to be reduced. For example, literature [18] - [20] can greatly reduce the solving time through different solving methods. Therefore, the time consumption of the proposed method is very small.
VII. CONCLUSION
This paper presents a data compression method for historical multi-station SCADA data compression of distribution management system based on tensor Tucker decomposition.
This method can effectively deal with the storage problems caused by the long-term accumulation of SCADA data in the power distribution system. Firstly, we establish a third-order tensor representation model for multi-station SCADA data in the data representation stage. This representation model can not only represent all the element values of SCADA data, but also retain the interaction among the time of SCADA data, measuring sub-stations and measurement. Then, the data compression method for power distribution system multistation SCADA data based on Tucker decomposition is proposed. This method can reduce the amount of distribution system data while preserving the spatial intrinsic structure of high-dimensional data space to realize the compression of massive SCADA data. In addition, the compression ratio and three information loss level indexes are established, and the tradeoff between compression ratio and information loss is realized according to the actual compression requirements. Finally, the effectiveness of the method is verified using real data. And, the results of comparison with SVD and PCA methods show that the proposed method is superior to the traditional algorithm.
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